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Abstract
Methane (CH4) emissions from northern peatlands are projected to increase due to 
climate change, primarily because of projected increases in soil temperature. Yet, 
the rates and temperature responses of the two CH4 emission- related microbial 
processes (CH4 production by methanogens and oxidation by methanotrophs) are 
poorly known. Further, peatland sites within a fen- bog gradient are known to differ 
in the variables that regulate these two mechanisms, yet the interaction between 
peatland type and temperature lacks quantitative understanding. Here, we investi-
gated potential CH4 production and oxidation rates for 14 peatlands in Finland lo-
cated between c. 60 and 70°N latitude, representing bogs, poor fens, and rich fens. 
Potentials were measured at three different temperatures (5, 17.5, and 30℃) using 
the laboratory incubation method. We linked CH4 production and oxidation patterns 
to their methanogen and methanotroph abundance, peat properties, and plant func-
tional types. We found that the rich fen- bog gradient- related nutrient availability 
and methanogen abundance increased the temperature response of CH4 produc-
tion, with rich fens exhibiting the greatest production potentials. Oxidation potential 
showed a steeper temperature response than production, which was explained by 
aerenchymous plant cover, peat water holding capacity, peat nitrogen, and sulfate 
content. The steeper temperature response of oxidation suggests that, at higher 
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1  |  INTRODUC TION
Global estimates have revealed a change in the global methane (CH4) 
budget in the past decades, specifically, an increase in atmospheric 
CH4 concentrations until the early 2000s, a stabilization period until 
2006, and an ongoing new rise afterwards (Dlugokencky et al., 2011; 
Nisbet et al., 2019; Rigby et al., 2008). This recent imbalance is con-
sidered to result from an increase in both fossil fuel production and 
biogenic emissions, although considerable uncertainties still exist in 
the global CH4 budget and its components (Bousquet et al., 2011; 
Ciais et al., 2013; Kirschke et al., 2013). Historical evidence shows 
that atmospheric CH4 concentration fluctuations have closely fol-
lowed past climatic cycles (Blunier et al., 1995; Brook et al., 2000; 
Chappellaz et al., 1993), which suggest that biogenic emissions re-
spond readily to climate changes and also have a crucial role in reg-
ulating climate. When the 28- to 34- fold greater warming potential 
of CH4 compared to carbon dioxide (CO2) over a 100- year horizon 
(IPCC, 2013) is considered, it is critical that the response of CH4 
emissions from ecosystems to warming is fully evaluated, which will 
in turn help better predict future climates.
Northern peat- accumulating wetlands, that is, peatlands, which 
cover approximately 15% of the boreal and arctic landscapes, repre-
sent the largest peatland area in the world, releasing 20– 45 Tg CH4 
into the atmosphere annually (Fletcher et al., 2004; Gorham, 1991). 
In the long term, they have acted as important CH4 sources and 
have impacted atmospheric CH4 concentrations since their initiation 
in the early Holocene, and during their extensive lateral expansion 
throughout the mid- Holocene (Frolking & Roulet, 2007; Korhola 
et al., 2010; MacDonald et al., 2006). Modelling projections have 
suggested that global wetland CH4 emissions will increase through-
out the 21st century and will have a positive feedback on global 
warming (Zhang et al., 2017). However, considerable uncertainties 
remain, largely due to the lack of data on the separate CH4 produc-
tion and consumption/oxidation processes at an ecosystem- scale. 
These are needed because such processes ultimately determine the 
magnitude of CH4 emissions to the atmosphere (Zhang et al., 2017). 
In addition, several studies have already shown that the activity and 
community composition of both CH4 producing (methanogens) and 
CH4 oxidizing (methanotrophs) microbes in peatlands are largely in-
fluenced by climate change- related environmental conditions, such 
as water level and temperature (Larmola et al., 2010; Turetsky et al., 
2008; Yrjälä et al., 2011). Despite this knowledge, the direction and 
magnitude of the responses of CH4 production and oxidation pro-
cesses to such variables remain poorly understood and can differ 
greatly, which makes predicting the dynamics of the net CH4 flux in 
peatlands particularly challenging.
Major controls on peatland CH4 emission process include water- 
table level (approximately delineating the oxic- anoxic boundary), avail-
ability and quality of organic substrates, and temperature (Walter & 
Heimann, 2000). In addition, the in situ vegetation composition strongly 
influences CH4 flux dynamics, both by adding labile carbon substrates 
for CH4 production (Ström et al., 2003) and by maintaining internal gas 
conduits that affect the production, oxidation, and transportation of 
CH4 from the peat to the atmosphere (Joabsson et al., 1999; Noyce 
et al., 2014). Furthermore, oxygen availability, for example, carried by 
flowing water or transported by aerenchymous plant species, can typ-
ically decrease CH4 emissions (Fritz et al., 2011; Zhang, Tuittila, et al., 
2020; Figure 1), although, as mentioned above, aerenchymous plant 
species can also facilitate the transportation of CH4.
Methane fluxes in peatlands are widely divergent (Knox et al., 
2019). Temporal variations (diurnal, seasonal, inter- annual) in CH4 
emissions, and equally large spatial variation between sites and 
within sites, at fixed measurement points have all been reported 
(Turetsky et al., 2014). In general, peatland types have been shown 
to clearly differ in the magnitude of CH4 emissions (Knox et al., 
2019; Moore & Knowles, 1990; Treat et al., 2018), with fens display-
ing greater emissions than bogs due to enhanced methanogenic ac-
tivity (Juottonen et al., 2005) and a greater litter degradation rate 
(Aerts et al., 1999). It has been suggested that the various peatland 
types within the boreal zone may show differing microbial activ-
ity and community structure; for example, rich fens contain more 
methanogens and Sphagnum- dominated peatlands contain more 
temperatures, CH4 oxidation might balance increased CH4 production. Predicting 
net CH4 fluxes as an outcome of the two mechanisms is complicated due to their 
different controls and temperature responses. The lack of correlation between field 
CH4 fluxes and production/oxidation potentials, and the positive correlation with 
aerenchymous plants points toward the essential role of CH4 transport for emis-
sions. The scenario of drying peatlands under climate change, which is likely to pro-
mote Sphagnum establishment over brown mosses in many places, will potentially 
reduce the predicted warming- related increase in CH4 emissions by shifting rich fens 
to Sphagnum- dominated systems.
K E Y W O R D S
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methanotrophs, which could result in varying response of CH4 emis-
sions to global change factors (Jaatinen et al., 2005, 2007; Figure 1).
In peatlands, the response of CH4 emissions to temperature 
appears to be somewhat unpredictable. Most studies report a 
clear dependence of CH4 emissions on the soil temperature (e.g., 
Christensen et al., 2003; Mastepanov et al., 2013; Treat et al., 2007). 
Likewise, biogeochemical models consider soil temperature as the 
main driver of CH4 emissions (e.g., Bridgham et al., 2013; Walter 
& Heimann, 2000). However, most of the derived associations be-
tween temperature and CH4 emissions were based on seasonal field 
datasets that are unable to separate the role of the two mechanistic 
processes of CH4 emissions, that is, CH4 production and oxidation. 
In addition, different temperature responses of CH4 fluxes through-
out the growing season have also been observed (Pypker et al., 
2013). Furthermore, experimental ecosystem warming studies have 
shown contradictory responses to warming from large increases 
in CH4 emissions (Hopple et al., 2020) to no change (Laine et al., 
2019; Peltoniemi et al., 2016). Recent evidence indicates that some 
northern peatlands are becoming drier due to increased rates of 
evapotranspiration (Helbig et al., 2020; Swindles et al., 2019; Zhang, 
Väliranta, et al., 2020), while wetter conditions may also occur due 
to increased summer rainfall (Charman et al., 2007) and permafrost 
thaw (e.g., Sim et al., 2021; Zhang et al., 2018), for example. The im-
pacts of warming, under different moisture regimes, on CH4 emis-
sions might not be straightforward, even though drying alone could 
reduce both CH4 production and oxidation rates (Peltoniemi et al., 
2016). Nevertheless, understanding how the environment modu-
lates the temperature response of CH4 production and oxidation 
will benefit the study of the interaction between temperature and 
moisture and is, therefore, crucial for further robust predictions of 
the global CH4 budget.
In this study, we aim to quantify how peat properties and plant 
functional types affect peatland CH4 production and oxidation, and 
influence their temperature responses using incubation experiments. 
We collected peat samples from 14 peatlands in Finland within ap-
proximately 10 latitudinal degrees, which represent three major 
peatland types within the boreal to subarctic zones: bogs, poor fens, 
and rich fens. Based on previously documented knowledge, we con-
structed a conceptual model (Figure 1) to visualize the expected pat-
terns in our dataset. Specifically, we hypothesized that (1) fens have 
greater CH4 production potential rates than bogs due to the poten-
tially greater abundance of methanogens (Juottonen et al., 2005), and 
(2) bogs and poor fens with Sphagnum carpets have greater oxidation 
potential rates due to greater abundance and activity of methano-
trophs than rich fens where brown mosses dominate over Sphagnum 
(e.g., Putkinen et al., 2018). We tested these hypotheses by linking 
the CH4 production and oxidation potential rates and their tempera-
ture response to measured peat properties and plant functional type 
data. In addition, we expected greater CH4 fluxes in fens than in 
bogs at our sites due to the enhanced abundance of graminoid plants 
following the pattern reported in Turetsky et al. (2014). We also ex-
plored whether CH4 emission patterns in the same study sites (re-
ported in the literature or unpublished; Table S1) could be connected 
to their CH4 production and oxidation potential rates. Our particular 
questions were: (1) What are the roles of peat properties and plant 
functional types in driving CH4 production and oxidation? (2) How 
does the temperature response vary for CH4 production and oxida-
tion, and for different peatland types?
F I G U R E  1  Hypothesized factors affecting peatland methane (CH4) production, oxidation, and emissions based on the literature. On the 
left- hand side, the gradient from bogs to rich fens (red- to- blue rectangle) is associated with a shift in nutrient status and gradual shifts in 
peatland vegetation, which have an effect on gross primary productivity (GPP) and the amount and quality of litter and root exudates. The 
vertical width of the colored polygons (below the fen- bog rectangle) represents the magnitude of these regulating factors along the peatland 
site type gradient. These differences from bogs to rich fens affect the composition and abundance of methanogens and methanotrophs. 
Although both the CH4 production and oxidation processes are temperature- dependent, the steepness of their temperature response 
(red valves) is also modified by environmental factors. Aerenchymous vegetation cover has the capacity to increase CH4 oxidation by 
transporting oxygen into the anoxic zone below the water level but also directly increases CH4 emissions as this plant- mediated transport 
can bypass the oxidation zone. Sphagnum mosses enhance CH4 oxidation by providing a habitat for methanotrophs. Water level was 
normalized in the sampling and, therefore, is not included in the illustration
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2  |  MATERIAL S AND METHODS
2.1  |  Study sites
In total, 14 study sites throughout Finland were selected (Table 1; 
Figure 2), where CH4 flux data (Table S1) already existed. The sites were 
located between 60 and 70°N, with a long- term annual temperature 
range of 6℃ (range from −1.4 to 4.6℃; Table 1). These study sites were 
disaggregated based on their vegetation composition and relative posi-
tion in the landscape into three peatland types with differing nutrient 
regimes, that is, ombrotrophic bog (fed solely by precipitation; nutrient 
poor; hereafter referred to as bog), oligotrophic fen (additionally fed by 
groundwater inputs; moderate nutrient regime; hereafter referred to 
as poor fen), and meso/meso- eutrophic/eutrophic fen (fed by ground-
water; nutrient- rich; hereafter referred to as rich fen; Table 1).
Our sampling of bogs and fens reflects the distribution of these 
peatland types in Finland. Geographically, Finland can be roughly di-
vided into raised bogs in the south and northern aapamire (fen) zones 
(Figure 2). Raised bogs can also be found in the aapamire zone but they 
are rare, and none have been used for CH4 flux measurements in north-
ern Finland. Consequently, all our bog sites are located in southern 
Finland. Within the raised bog zone, fens are commonly located at the 
margin of the peatland massif, while the center is characterized by bog 
vegetation. As CH4 flux measurements have been carried out in the 
southern fens, we were able to sample both fens and bogs in the south.
2.2  |  Field sampling
From the end of July 2015 to the end of August 2015, triplicate peat 
samples were collected from 0 to 10 cm below the surface of the living 
moss layer at each site. We sampled lawns at each of the sites that had 
a water level at 0– 5 cm below the moss surface to remove the variation 
related to the water table. The peat cores were homogenized and then 
separated into triplicate peat samples under anoxic conditions using 
an anoxic glove box to preserve the initial anoxic conditions (Kettunen 
et al., 1999). The samples were kept cooled (at 4℃) and anoxic during 
transportation and in the laboratory before analysis or incubation. At 
each site, we measured water- table depth and estimated the projec-
tion cover for each plant species (Table S3) within a 30- cm circular 
frame at the three sampling points. Plant functional type cover, that 
is, sedge, herb, shrub, Sphagnum moss, brown moss, and the cover of 
aerenchymous plants, were also recorded at each sampling point.
2.3  |  Laboratory incubation
CH4 production and oxidation potentials were quantified at three 
temperatures (5, 17.5, and 30℃) for each sample using oxic and an-
oxic incubation laboratory experiments. The chosen temperature 
levels were based on actual field temperatures in Finland, where the 
minimum temperature during summer is approximately 5℃ (1981– 
2010; https://en.ilmat ietee nlait os.fi/norma l- period) and the maxi-
mum temperature can exceed 30℃, as evidenced in the extremely 
warm year 2010 (37.2℃ on 29 July, Liperi, Finland). This 5– 30℃ 
range is also the common summer temperature range across the bo-
real zone where most of the global peatlands are distributed. Two 
treatments (under anoxic and oxic conditions) were used to calculate 
the respective CH4 production and oxidation potentials of the peat. 
The experiments were kept short (10 days) in order to undertake 
the measurements before the microbial community could thermally 
adapt to the various incubation temperatures, even though under 
real field conditions thermal adaptation is likely to occur given the 












Bog Tervalamminsuo TE 60.65 23.97 4.6 627
Lakkasuo bog LAB 61.79 24.31 4.2 711
Siikaneva bog SNB 61.84 24.17 4.2 711
Salmisuo SA 62.77 30.97 3.0 613
Siikajoki 6 SJ6 64.72 24.70 2.6 539
Poor fen Siikaneva fen SNF 61.83 24.20 4.2 711
Siikajoki 5 SJ5 64.74 24.72 2.6 539
Rich fen Lakkasuo fen LAF 61.80 24.32 4.2 711
Siikajoki 3 SJ3 64.76 24.68 2.6 539
Halssiaapa HA 67.37 26.65 −0.4 527
Kittilä KIT 67.70 25.12 −0.6 506
Lompolojänkkä LO 67.98 24.35 −1.4 484
Kaamanen KA 69.14 27.27 −0.4 472
Kiposuo KI 69.30 27.53 −1.0 395
Note: Annual temperature (T) and precipitation (P) data are average values for the period 1981– 
2010 from the nearest meteorological stations (Pirinen et al., 2012).
TA B L E  1  Study site information
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The anoxic treatment was prepared using 100- ml glass bottles, 
each containing 7– 10 g peat (fresh weight; FW), which were closed 
under anoxic conditions, adjusted with 50- ml overpressure using 
N2, and stored at the respective temperatures. The oxic treatment 
was prepared using 500- ml glass bottles, each containing 15– 20 gFW 
peat, which were filled and closed under anoxic conditions, but were 
re- opened in the laboratory to establish oxic conditions. All bottles 
were then re- closed and adjusted to c. 5000 µl L−1 (5000 ppm) initial 
CH4 concentration and 120- ml overpressure using N2. This concen-
tration was chosen to be comparable to the in- situ measurements 
at 10– 15- cm depth in peat (unpublished data from Siikaneva and 
Lompolojänkkä). The oxygen concentration in the bottles was not 
regulated for the duration of the incubation. The bottles were sealed 
with rubber septa (to allow sampling with needles) and were secured 
with aluminum screw caps due to over pressure in the bottles.
The CH4 concentrations in the gas phase of all bottles were mea-
sured over the incubation process with sampling intervals between 
c. 24 and 70 h (Figure S1), determined with a gas chromatograph 
(Agilent 6890N, Agilent Technologies) equipped with an auto- 
sampler (Gilson) and flame ionization (FID) detector. The CH4 pro-
duction and oxidation rates were calculated from the linear fits of the 
headspace gas concentrations relative to time (i.e., relative time span 
from the first gas measurement) and normalized to dry weight (dw) 
of the peat. For each sample, seven to eight gas measurements were 
performed. If there were any indications of leaks, lags, or failures in 
the gas sampling or gas analysis, the results were excluded from the 
analyses. A more detailed description of the observed increasing/
decreasing pattern of CH4 concentrations, and the calculation of 
production and oxidation potential rates can be found in Figure S1.




+), chloride (Cl−), 
sulfate (SO4
2−), iron (Fe3+), and phosphate (PO4
3−) concentrations 
were measured from the soil extractions. For the analysis of anions, 
15 ml peat and 50 ml H2O were shaken at 175 rpm for 1 h, filtered, 
and analyzed with an ion chromatograph (DX 120, Dionex Co.). 
Ammonium was analyzed by first extracting 15 ml peat with 50 ml 
1 M KCl and analyzed using a spectrophotometer from the filtered 
KCl extracts according to Fawcett and Scott (1960). Gravimetric soil 
moisture was determined by drying the soil for 24 h at 105℃. Total 
carbon (C) and nitrogen (N) contents of the peat and stable isotope 
abundances (δ13C and δ15N) were determined with an elemental 
analyzer (Thermo Finnigan Flash EA 1112 Series). Bulk density (BD), 
water holding capacity (WHC), and loss on ignition (LOI) were de-
termined from the samples. BD was defined as the dry weight of a 
known volume of peat. WHC was measured by measuring the dry 
weight of a peat sample, saturating it with water for 24 h and then 
weighing the sample again after allowing the excess water to drain. 
LOI was measured by burning a known dry weight of peat in an oven 
at 550℃ for 2 h and then reweighing the sample. All measurements 
were performed on pre- incubation samples.
2.5  |  Microbial community analysis
Microbial community composition was determined by sequencing the 
microbial DNA in the peat samples. In contrast to the CH4 incubation 
and peat property analyses that were performed for all three repli-
cated samples from each site, DNA analysis was conducted only on 
one sample per site. DNA for each sample was extracted from 250- 
mg peat using a Mobio Powersoil kit (MO BIO Laboratories), and was 
then subjected to amplicon sequencing using the MiSeq platform, tar-
geting the prokaryotic 16S rRNA gene and the fungal ITS. Sequence 
data were processed using the MR DNA analysis pipeline (MR DNA). 
Sequences were joined, depleted of barcodes, then sequences <150 bp 
and sequences with ambiguous base calls were removed. Sequences 
were denoised, operational taxonomic units (OTUs) were generated 
and chimeras were removed. OTUs were defined by clustering at 3% 
F I G U R E  2  Location of the study sites. The base map was 
downloaded from https://en.ilmat ietee nlait os.fi/norma l- period and 
indicates the average annual temperature (1981– 2010) gradient in 
Finland. Geographical division of the northern aapamire (fen) and 
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divergence (97% similarity). Final OTUs were taxonomically classified 
using BLASTn against a curated database derived from GreenGenes, 
RDPII and NCBI. The relative abundance of CH4- production- related 
Archaeal taxa (methanogens) and oxidation- related bacterial taxa 
(methanotrophs; e.g., Nazaries et al., 2013) were quantified for each 
site as percentages of the sum of methanogens and methanotrophs. 
The calculation was performed on the taxonomically classified OTU 
data (number of reads). The proportions of methanogens and metha-
notrophs of the total prokaryotic microbiome were also quantified.
2.6  |  Data analysis
To assess the main variation in vegetation and its correlation with 
peat properties and plant functional types, we applied detrended cor-
respondence analysis (DCA) on plant composition data and included 
plant functional types and peat properties (listed in Table S2) as sup-
plementary variables. We selected DCA because it is a suitable method 
for capturing species turnover (i.e., elimination and replacement) along 
an extended environmental gradient, as in our dataset. To explore the 
patterns in methanogen and methanotroph abundance, we used prin-
cipal component analysis (PCA) to visualize the microbial data.
To investigate the overall pattern of peat properties, plant func-
tional types, CH4 production, and oxidation potentials, as well as 
CH4 fluxes measured in the field, we applied PCA to the peat proper-
ties and plant functional types with the supplementary variables of 
CH4 production and oxidation potentials at different temperatures, 
field fluxes, and peatland site types. The mean value of CH4 fluxes 
during the peak growing season was calculated for each site and 
used for the analysis. All ordination analyses were carried out using 
Canoco 5 (ter Braak & Šmilauer, 2012).
To test the differences between the peatland types in regard 
to peat properties, plant functional types, microbial abundance, 
and CH4 production and oxidation potentials at different tempera-
tures, we applied mixed effect models for each variable separately, 
with the three peatland types as fixed predictors. We also tested 
the impact of peatland type on the temperature response of CH4 
production and oxidation by constructing mixed effect models with 
peatland type, laboratory temperature, and their interaction as fixed 
predictors. CH4 data were log- transformed before the analyses. Site 
and sample were included as nested random effects for peat prop-
erties, plant functional types, CH4 production and oxidation poten-
tials, while only site was included as a random effect for CH4 fluxes 
and microbial data without replicates within site.
To quantify the impact of peat properties and plant functional types 
on CH4 production and oxidation potentials, as well as on the tempera-
ture response of these processes, we constructed two mixed effects 
models for production and oxidation potentials, respectively. CH4 data 
were log- transformed before the analyses. First, we added incubation 
temperature as a fixed predictor to the model and defined which tem-
perature response type (linear or polynomial) fitted the data better, 
based on p- values of the fixed predictors in marginal ANOVA tests, as 
well as the residual distribution and AIC- values of the alternative models. 
Next, we added fixed predictors into the models, one by one, based 
on our hypothesis of how variables regulate production and oxidation 
potentials (Figure 1). Both CH4 production and oxidation were hypoth-
esized to change along the bog- rich fen gradient that was represented 
by axis 1 in the PCA of environmental variables, gathering together the 
variation in several intercorrelated variables. Thus, we added PCA axis 
1 sample scores as a fixed predictor in the models (Çamdevýren et al., 
2005). Next, we added further potential predictors that were expected 
to improve the model, in addition to their contribution to PCA 1 axis, 
on the basis of our hypothetical illustration (Figure 1) and PCA of peat 
properties, plant functional types, and microbial communities (Figure 5). 
After each fixed predictor addition, we used the marginal ANOVA to 
test whether the model with a new predictor was significantly better 
than the simpler model. For each new fixed predictor, we also tested 
the significance of interaction with incubation temperature. In these 
mixed effects models, site and sample were included as nested random 
effects. The residuals of the final models were normally distributed 
around a mean of zero. All mixed effect models were developed using 
the lme() function in “nlme” package in R.3.6.1 (R Core Team, 2019).
3  |  RESULTS
3.1  |  Peat properties and plant functional types of 
different peatland types
As expected, our results indicated that vegetation composition, peat 
properties and plant functional types differed between the bogs and the 
fens (Figure 3; Figure S2; Table S2), which suggests that our sampling sites 
represent the typical conditions found in those peatland types. There 
were significant differences in several environmental factors between 
the three peatland types (Table S2). For example, bogs differed from rich 
fens in terms of greater water holding capacity (WHC), lower SO4
2−, N 
content, and δ15N values, and reduced sedge and aerenchymous plant 
abundance, but resembled poor fens. Bogs and poor fens also displayed 
clearly greater Sphagnum cover than rich fens, while brown mosses were 
found only in the rich fens. C:N ratios were significantly higher in the 
bogs than in the fens, while the LOI values differed between the three 
types, being greatest in the bogs and lowest in the rich fens.
3.2  |  CH4- related microbial community distribution
In the studied peatlands, CH4- related microbes collectively accounted 
for 0.8%– 6.8% of the total prokaryotic microbiome (Figure S3). 
Specifically, a much larger amount (6.8%) was detected for site SNB, 
while values ranging from 0.8% to 3.3% were observed for the other 
sites. The proportion of methanogens ranged from 0.1% to 1.9% across 
sites, with the exception of site SNB that had a much higher value 
(6.2%). The proportion of methanotrophs ranged from 0.4% to 1.6%.
Based on the taxonomic classification of OTUs, methano-
gens from 11 families in the Archaea group, and methanotrophs 
from two families in the bacteria group were detected (Figure S3). 
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Within the CH4- related taxa (i.e., sum of methanogens and metha-
notrophs), the most abundant methanogenic taxa were from fami-
lies Methanosaetaceae (max. 65%), Methanoregulaceae (max. 18%), 
Methanobacteriaceae (max. 15%), and Methanospirillaceae (max. 
10%). In addition, Methanospirillaceae was commonly recorded (c. 
71%) at only one site (SNB), but abundances were <10% at the other 
sites. Methanotrophs were from families Methylocystaceae (max. 
80%) and Methylococcaceae (max. 20%), with the former more com-
monly recorded. The four most northern rich fen sites (KIT, LO, KA 
and KI) and one bog site (SNB) contained more methanogens (>60%) 
but less methanotrophs (<40%) than the other sites (Figure S3).
The main variation in microbial community structure was related to 
the fen- bog gradient (Figure 4). The abundance of all methanogens, with 
the exception of Methanospirillaceae, increased along the first axis from 
bog to rich fens (Figure 4). Methanospirillaceae was linked to the second 
axis, which separated the coastal SJ3 site from the others and was lin-
early correlated to Cl− concentration (p < 0.001). The two methanotroph 
families were distributed at opposing ends of the fen- bog gradient on 
axis 1. In contrast to Methylococcaceae, Methylocystaceae showed a 
distinct predominance in Sphagnum- dominated habitats (p < 0.001).
3.3  |  CH4 production and oxidation potentials 
in relation to peat and vegetation properties and 
microbial communities
The results from the PCA indicate that the observed variations in 
CH4 production (CH4_A_temp.) and oxidation (CH4_O_temp.) rates 
can be linked to peat properties and plant functional type conditions 
(Figure 5). The main variation in the data (axis 1 in Figure 5) from bogs 
to rich fens through poor fens was associated with increased CH4 
production rates. The first axis was correlated with nutrient level, 
particularly N (e.g., N% and δ15N). CH4 oxidation rates were associ-
ated with both axes, with the second axis related to the variations in 
bulk density (BD) and PO4
3−, for example, within the peatland type.
F I G U R E  3  Measured peat properties, 
plant functional types, and methane 
(CH4)- related microbes at each peatland 
site. Peat properties (with the exception 
of bulk density (BD)) and plant functional 
types for each site are composed of three 
replicates, but only one measurement per 
site for microbial community distribution. 
The sites (shown in the bottom- right 
panel) are arranged in order from south to 
north, and peatland types are indicated 
by different colors, that is, bog (red), poor 
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F I G U R E  4  Principal component analysis (PCA) based on the 
relative abundance of methanogens and methanotrophs at each site 
(in black italic), with environmental data included as supplementary 
variables (in purple). The first two PCA axes explained 77% of 
the total variance in community structure. Methanogens and 
methanotrophs (underlined) are shown in black. The SNB site 
appeared as an outlier in the microbial dataset (Figure 6d) and was 
excluded from the analysis. Peatland types are indicated using red 
(bog), light blue (poor fen), and black (rich fen) site names. The full 
names of the analyzed variables can be found in Table S3 and the 
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3.4  |  CH4 production and oxidation potentials of 
different peatland types
As demonstrated in the DCA and PCA analyses, the study sites were 
distinctively grouped into bogs, poor fens and rich fens based on their 
vegetation, microbial composition, and CH4 production and oxida-
tion rates (Figures 4 and 5; Figure S2). We further averaged the site- 
specific CH4 production, oxidation, and flux data (Figure S4) for these 
three peatland types (Figure 6). CH4 oxidation showed more variation 
within the site- types (large range in the box plots) than CH4 produc-
tion (Figure 6). For production, bogs and poor fens yielded very small 
within- peatland- type variations, and their potential rates were similarly 
low (<0.1 μg CH4 g
−1 dw h−1) at all three temperatures, while rich fens 
exhibited larger variations with observed rates ranging from 0 to a 
maximum of 0.09, 0.20, and 0.67 μg CH4 g
−1 dw h−1 at 5, 17.5 and 30℃, 
respectively. Mean CH4 production rate in the rich fens was greater 
than the other peatland types at all three temperature levels, although 
the differences were not significant (p = 0.06, df = 11, F = 2.65 at 5℃, 
p = 0.09, df = 11, F = 2.26 at 17.5℃, and p = 0.1, df = 11, F = 1.93 at 30℃).
For oxidation, the differences between peatland types were smaller 
and non- significant (min. p = 0.24) due to the large variability within 
the peatland type. For oxidation at 5℃, the rates were generally below 
0.5 μg CH4 g
−1 dw h−1, while at 17.5℃, the rates were c. 0.52– 1.04 
(mean = 0.70), 0.46– 0.79 (0.62), and 0.18– 2.30 (1.00) μg CH4 g
−1 dw h−1 
for bogs, poor fens, and rich fens, respectively. When the temperature 
increased to 30℃, the values were c. 0.26– 2.21 (mean = 0.90), 0.40– 
2.02 (1.19), and 0.10– 3.21 (1.36) μg CH4 g
−1 dw h−1 for bogs, poor fens, 
and rich fens. Similar to CH4 production, greater flux values and meth-
anogen abundance values were recorded from rich fens, which also ex-
hibited the greatest variation in all these parameters (Figure 6c,d; Figure 
S5).
3.5  |  Temperature response of CH4 
oxidation and production
For each peatland type, CH4 production and oxidation rates in-
creased with increasing temperature (Figure 6a,b), with oxidation 
showing a more rapid increase than production.
The mixed effect models that were used to test the differences 
in temperature responses between the peatland types (Figure 7; 
Table S4a) indicated that CH4 production in rich fens responded more 
steeply to higher temperatures than in bogs (p = 0.0003) and poor 
fens (p = 0.0028). For CH4 oxidation, no difference in temperature 
response was observed between peatland types (Figure 7; Table S4a).
In the mixed effect models that were used to investigate the driv-
ers of temperature response (Table S4b), CH4 production potentials 
showed a linear response to temperature (Figure 8a,b). PCA axis 1 de-
scribes the gradient in peat property and plant functional type condi-
tions from bogs to rich fens. It showed an interaction with temperature 
(p < 0.001); the temperature response became steeper toward the 
more nutrient rich sites (Figure 8a). Similarly, the temperature response 
of the CH4 production potential became steeper with increasing abun-
dance of methanogens (p = 0.011 for the interaction; Figure 8b).
Oxidation potential increased with temperature, but the increase 
slowed down at higher temperatures; this was described in the 
mixed- effects model by a second- degree polynomial response. N 
content, WHC, and the cover of aerenchymous plants had an inter-
action with temperature (p < 0.001, p < 0.001 and p = 0.011, respec-
tively; Figure 8c– e). N content and WHC flattened the temperature 
response of CH4 oxidation, while the cover of aerenchymous plants 
contributed to the steeper temperature response. In addition, peat 
SO4
2− content slightly increased CH4 oxidation (p = 0.051) without 
an interaction with temperature (Figure 8f).
4  |  DISCUSSION
4.1  |  Peatland type as predictor of CH4 production 
and oxidation potentials
Our results reveal the varying roles of CH4 production and oxida-
tion processes in defining the rate of CH4 emissions. Specifically, 
we observed that the differences in CH4 emissions between peat-
land types (Knox et al., 2019; Moore & Knowles, 1990; Turetsky 
et al., 2014) are more likely caused by differences in production 
than in oxidation, and instead of site- to- site variation, oxidation 
F I G U R E  5  Principal component analysis (PCA) based on peat 
properties, plant functional types, and methane (CH4)- related 
microbes (variables in black italic) with CH4 production and 
oxidation potentials at three different temperature levels and field 
fluxes included as supplementary variables (in purple). The first two 
axes explained 47.28% of the total variance. Peatland types are 
indicated using red (bog), light blue (poor fen) and black (rich fen) 
site names. The full names of the analyzed variables can be found in 
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seems to exhibit consistently large variations within each peat-
land type (e.g., larger range in the box plots in Figure 6b). We 
observed the greatest CH4 emissions, production rates and meth-
anogen abundances in the rich fens, but simultaneously they also 
displayed the largest range in these variables, undermining the 
statistical significance. It should be noted that our sampling was 
conducted at all sites from a lawn habitat, which also impact the 
observed differences.
4.2  |  Impacts of peat properties, plant functional 
types and microbial communities on peatland CH4 
production and oxidation processes
Previous studies have shown that between- site differences in peat-
land CH4 emissions are typically controlled by soil temperature, 
water table and vegetation (phenology and species composition), 
but have also indicated that these relationships can be modified by 
F I G U R E  6  (a) Methane (CH4) 
production, and (b) oxidation potential 
rates at laboratory temperatures (labT) 
5, 17.5, and 30℃ for the three peatland 
types. (c) July– August 2015 CH4 flux 
values for the three peatland types. 
Flux data were collected by previous 
studies from lawn surfaces at the same 
peatland sites, although the measurement 
points and timings were different from 
our laboratory incubation samples. 
(d) The relative abundance of CH4- 
related microbial communities, that is, 







F I G U R E  7  Temperature response of log- transformed (a) methane (CH4) production and (b) oxidation potentials at the three peatland 
site types according to the mixed effects models with temperature, site type and their interaction as fixed predictors (represented by lines). 
Points represent the measured values. For a better visualization, the incubation temperatures were shifted +0.5 and −0.5℃ for bog and poor 
fen, respectively. Model parameters are presented in Table S4a
(b)(a)
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peatland type, region, and disturbances, such as permafrost thawing 
or fire (Bridgham et al., 2013; Knox et al., 2019; Turetsky et al., 2014). 
Our study adds to this knowledge by clarifying the different peat 
property and plant functional type controls on the CH4 production 
and oxidation processes (Figure 9). In our experiment, many of the 
studied factors impacted CH4 production and oxidation by affecting 
the temperature response of these processes, rather than increasing 
their overall level (Figure 9).
As we hypothesized in Figure 1 (based on earlier studies by e.g., 
Bergman et al., 1998; Godin et al., 2012; Juottonen et al., 2005; Yavitt 
et al., 1988), the CH4 production potential was found to be strongly 
related to the gradient from ombrotrophic bogs to rich fens. In our 
study, the position of the site within the bog- rich fen gradient did 
not alter the level of CH4 production but increased the temperature 
response of the CH4 production potential (Figure 9). Along this gra-
dient, nutrient availability increases and plant composition changes 
from Sphagnum dominated ombrotrophic bogs to brown moss dom-
inated rich fens. Earlier research (Yavitt et al., 2012) supports our 
finding that the relative abundance of methanogens also increases 
along the bog- rich fen gradient. Previously, alternative electron ac-
ceptors (e.g., sulfate, nitrate, phosphate, ammonium, nitrate) have 
been found to significantly reduce CH4 production rates as these 
compounds are favored in the anaerobic metabolic pathway before 
methanogenic conditions can be established, and their abundance 
may even explain the differences between the sites (e.g., Deng et al., 
2017; Peters & Conrad, 1996). Interestingly, we did not find evidence 
that alternative electron acceptors impact CH4 production potential 
in our sites, and the variation in the amount of these substances did 
not show clear trends related to the bog- rich fen gradient.
Rich fens generally exhibit greater methanogen and lower metha-
notroph abundances, but the microbial community also varies within 
site types. This was demonstrated by the methanogen abundance 
F I G U R E  8  Temperature responses 
of methane (CH4) (a– b) production, and 
(c– f) oxidation potentials based on the 
mixed effects models that quantified the 
impact of peat properties, plant functional 
types, and microbial communities on 
these processes. Each panel represents 
the response to one variable so that 
the presented variable is allowed to 
vary according to the range of the data; 
minimum (in blue), median (in purple) 
and maximum (in red), while the other 
variables are constrained to the median 
value. Points represent the measured 








F I G U R E  9  Factors affecting peatland methane (CH4) production and oxidation according to the results from the mixed effect models 
in this study, updated from Figure 1 which is literature- based. Temperature sensitivity of production increased along PCA axis 1, which 
describes the main variation in site properties from bogs to rich fens (see Figure 5), and the increasing abundance of methanogens. 
Temperature sensitivity of oxidation increased with a greater cover of aerenchymous plants but decreased with increasing nitrogen (N) 
content and water holding capacity (WHC). The dashed line indicates the relationship between CH4 oxidation and sulfate (SO4
2−), which was 
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enhancing the CH4 production potential after the bog- rich fen gra-
dient had already been included into the model. The typically low 
water level conditions observed in bogs, combined with a thicker 
oxic zone, are associated with the dominance of plants that produce 
recalcitrant litter (such as hummock Sphagna and woody vascular 
plant species), which is considered sub- optimal for the development 
of an active community of methanogens (Valentine et al., 1994). A 
shift in vegetation toward woody plants with recalcitrant litter may 
also occur in fen sites after water level drawdown (Kokkonen et al., 
2019; Mäkiranta et al., 2018; Strakova et al., 2012), creating a hostile 
environment for methanogens (Peltoniemi et al., 2016; Yrjälä et al., 
2011). While our sampling was directed at surfaces with a similar 
water level (at 0– 5 cm below the surface) at all sites, bogs still ap-
peared to have lower CH4 production values and relative abundance 
of methanogens than rich fens. Therefore, the nutrient level and the 
associated differences in vegetation along the bog- rich fen gradient 
could be stronger factors in driving peatland CH4 production than 
water level.
In contrast to our hypothesis (Figure 1) and previous literature 
(e.g., Larmola et al., 2010; Putkinen et al., 2018; Yrjälä et al., 2011), 
CH4 oxidation potential was not found to differ between peatland 
site types or to be dependent on Sphagnum cover and methanotroph 
abundance. In the mixed- effects model, oxidation potential exhib-
ited a nonlinear response to temperature, stabilizing mildly at higher 
temperatures. This temperature response was negatively related to 
N content and the WHC of the peat, but positively related to aer-
enchymous species cover (Figure 9). Both WHC and aerenchymous 
species cover were indirectly linked to the availability of oxygen in 
the peat with aerenchymous plants facilitating the transport of oxy-
gen and CH4 with their specialized tissue (Fritz et al., 2011; Greenup 
et al., 2000), while greater WHC in the peat hinders oxygen avail-
ability. The evidence on how N content affects CH4 oxidation is con-
troversial; oxidation in pristine ecosystems has been suggested to 
be N limited (Bodelier & Laanbroek, 2004), although the addition 
of N (as NH4
+) has been widely reported to hamper CH4 oxidation 
(Bosse et al., 1993; Conrad & Rothfuss, 1991; Hester et al., 2018). 
In bog sites and non- wetland soils, N addition has been reported to 
stimulate CH4 oxidation at low concentrations but shows an inhibit-
ing effect at higher concentrations (Aronson & Helliker, 2010; Keller 
et al., 2006). The inhibitory effect of high N levels is in line with our 
results, where N did not impact the level of oxidation but decreased 
its temperature response at high N contents. Finally, we observed 
a slight enhancing effect of SO4
2− on CH4 oxidation, which was on 
the border of statistical significance in our model. SO4
2− acts as an 
alternative electron acceptor not only for CH4 production, but also 
in anaerobic CH4 oxidation (AOM) in marine and freshwater envi-
ronments (Eller et al., 2005; Schubert et al., 2011; Valentine, 2002). 
This process has also been found to be widespread across peatland 
types, although the alternative electron acceptors in peatlands re-
main uncertain (Gupta et al., 2013; Miller et al., 2019). Our result 
could be explained by anoxic microsites that remained within the 
peat sample in the oxic incubations, as suggested by the initial in-
crease in CH4 concentration in some of the oxic incubation bottles 
(Figure S1). While only the linearly decreasing part of these incu-
bations was used in the further analysis, the microsites could also 
have acted as sites of AOM in the presence of the electron acceptor, 
adding to the level of CH4 oxidation.
4.3  |  Temperature response of CH4 
production and oxidation
Our results suggest that soil warming will increase both CH4 pro-
duction and oxidation activities in all peatland types. Observed CH4 
production in rich fens displayed a steeper temperature response 
than bogs and poor fens, which is in contrast with previous stud-
ies that used Q10 values as a parameter of temperature sensitivity 
(Bergman et al., 1998, 2000; Lupascu et al., 2012). In these stud-
ies (and also in our own dataset), very little CH4 (close to zero) is 
produced in Sphagnum- dominated peat at low temperatures, so 
that even a small increase in production at higher temperatures can 
lead to very large Q10 values (i.e., higher sensitivity). In comparison 
to CH4 production, the rate of CH4 oxidation, in general, showed 
a steeper response to warmer temperatures in all peatland types. 
The temperature response of oxidation was similar between peat-
land types, which may have been caused by the detected drivers of 
the temperature response counterbalancing each other within the 
fen- bog gradient, that is, high N content and low WHC that char-
acterize rich fens decreased the temperature response, while high 
aerenchymous plant cover led to an increase. We assume that the 
impact of these environmental variables on temperature response is 
due to the availability of a substrate that limits the extent to which 
microbes are able to take advantage of the rising temperature. In 
the case of WHC, elevated levels would limit the availability of oxy-
gen, and microbial oxidation would increase less steeply with rising 
temperatures. Nitrogen, in turn, may limit the substrate for CH4 oxi-
dation through substrate competition (Bosse et al., 1993; Conrad & 
Rothfuss, 1991; Hester et al., 2018). The steeper temperature re-
sponse of oxidation compared to production has been previously 
found in other ecosystems, for example, lakes (Fuchs et al., 2016; 
Lofton et al., 2014), which suggests that oxidation could better off-
set increased CH4 production with increasing temperature. Based 
on our findings, this offset could be stronger in bogs and poor fens 
where the temperature response of production was milder.
One of the possible limitations of our approach, whereby we 
added a fixed CH4 concentration to all the oxidation potential incuba-
tion bottles from the different sites, is that the actual concentrations 
in the peat may vary between site types and, over time, may affect 
the oxidation potential rates. We selected the initial concentration 
(5000 ppm) based on previous direct measurements of CH4 concen-
trations in the peat at three of the studied sites, which showed mean 
growing season concentrations of up to 14,000 ppm at the maximum 
depth of our sampling. A more correct, but laborious approach, would 
have been to pre- sample below- surface CH4 concentrations at each 
site prior to the experiment to determine the correct site- specific 
starting concentration for the oxidation potential measurements. It 
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is important to bear in mind that as our results are based on simple 
sampling conducted at the peak of the growing season, they also rep-
resent the maximum potentials. Another important issue is the 10- 
day incubation time in the CH4 production potential measurements, 
which might be too short in light of previous results from permafrost 
soils or peat samples collected in winter (Gao et al., 2019; Treat et al., 
2015). Indeed, in permafrost and mineral soils where the methano-
gens are likely to be dormant, longer incubation times are essential. 
It is evident from previous studies (Juottonen et al., 2008; Putkinen 
et al., 2018; Saarnio et al., 1997) and from this study (Figure S1) that 
production starts almost immediately in an active peat layer in the 
peak season and that shorter incubation periods of up to 1– 2 weeks 
are feasible. In this study, we did not attempt to disentangle all the 
processes that impact CH4 production. Instead, our objective was to 
measure the production potential as a net result of the biogeochemi-
cal environment at the sites, including the alternative electron accep-
tors, as well as the different CH4 production pathways (Deng et al., 
2017). However, we assume that the measured production potential is 
realistic in relation to field conditions, for example, in the case of alter-
native electron acceptors that suppress CH4 production rates at the 
sites, their abundance would not change during the sample transpor-
tation and the laboratory result would thus reflect the real conditions.
Altogether, our results imply that warming could increase the dif-
ferences in the balance of CH4 oxidation and production between 
peatland types by increasing the production potential at brown moss- 
dominated rich fens more than in Sphagnum- dominated poor fens 
and bogs, with a more uniform impact on oxidation. In our study, the 
CH4 fluxes measured in the field were not correlated with the potential 
CH4 production and oxidation. This suggests that the prediction of CH4 
emissions also requires knowledge of the processes beyond CH4 pro-
duction and oxidation, such as CH4 transport by aerenchymous plants. 
In future studies, however, in- situ flux measurements should be carried 
out at the specific points at the same time when samples are collected 
for laboratory incubation. Also, the incubation conditions should be as 
similar as possible to the in situ field conditions, which might help to 
better bind together the mechanisms behind CH4 emissions. We ac-
knowledge that only lawn habitats were investigated in this study and 
that we were not able to consider the thermal adaptation of microbes, 
such as the possible increase in methanogen abundance with warm-
ing (Turetsky et al., 2008), and that the situation is more complicated 
under real field conditions at the whole- ecosystem level.
Although we observed that both production and oxidation in-
crease with warmer temperatures, the net flux may still not increase 
accordingly, as other factors can influence CH4 dynamics. The im-
pact of a warmer climate on vegetation dynamics, for example, can 
counteract part of the direct response. Future CH4 emissions under 
a warming climate are strongly dependent on the successional devel-
opment of peatland vegetation. The scenario of Sphagnum invasion 
under a warming climate (Magnan et al., 2018; Tahvanainen, 2011) 
and a development toward Sphagnum- dominated peatlands (Fritz 
et al., 2014; Tuittila et al., 2013) is likely to mitigate the increasing 
rate of CH4 emissions under a warming climate, while the increased 
areal cover of wet rich fens due to permafrost thawing is likely to 
lead to greater CH4 emissions. In recent years, global CH4 modeling 
has made progress by the inclusion of microbial processes into the 
peatland models (see Chadburn et al., 2020; Nzotungicimpaye et al., 
2020). Our results highlight the importance of this model develop-
ment, as methanogen and methanotroph dynamics appear to have 
distinct sets of environmental drivers.
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